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TMDs*

*) transverse-momentum-dependent (TMD) -- aka unintegrated --
PDFs and FFs

@ go beyond the approximation of collinear moving partons

@ importance realized, e.g., in

@ |late 70s [Cahn]: transverse momentum or partons lead to
cosine modulations in unplarized semi-inclusive DIS

@ 90s [Sivers]: transverse motion of unpolarized partons in
transversely polarized nucleons lead to transverse single-

spin asymmetries

@ complimentary to generalized parton distribution that probe
transverse spatial d.o.f.
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Spin-Momentum Structure of the Nucleon
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Spin-Momentum Structure of the Nucleon
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TMDs - Probabilistic interpretation

Proton goes out of the screen/ photon goes into the screen

U nucleon with transverse or longitudinal spin flj_T — —C)} —_ —@}

=) (® parton with transverse or longitudinal spin

parton transverse momentum

i

©
o

hiy = _
[courtesy of A. Bacchetta] 1T

Gunar Schnell 4 DY 2011, BNL - May 11, 2011

Wednesday, May 11, 2011



U L T

P Momentum density

HERA F
L giL hiLL :

- b Y
VARL-S Conenie2

I-: -Iogm(\)

fis | g1 | h1, hip :

plenty of data available

but only for integrated
version of fi

® some efforts to get
unintegrated gluon densit

QY GeVY)

@ spin asymmetries involve
unintegrated f1 in
denominator

@ need multiplicities and
fragmentation functions not

only binned in z but also in Pn.
Gunar Schnell 5 DY 2011, BNL - May 11, 2011

Wednesday, May 11, 2011



U L T

HERA F,

L giL hiLL

a | Momentum density

DLW B S

PR L) O
sl & e Z0ULSNLOOCD I
J— J_ “( \-OIIL“:ZS,\
flT ng hl, th R /. 200008 11 PDE 2000 Bt

1y :
| S R
plenty of data available 3% /

but only for integrated . e
version of fi |t

® some efforts to get e .:_:ﬁ_:‘:{
unintegrated gluon densit | e

10® | —— HERA-I POF (prel.) Q? = 10 GeV?
Qz((.'c\") - experimental uncertainty

@ spin asymmetries involve I — iy

+  HERA Structure Functions Working Group
. Nudl Prys, B 181-182 (2008) 57-61

unintegrated f1 in
denominator

@ need multiplicities and
fragmentation functions not

only binned in z but also in Py, S B
Gunar Schnell 5 DY 2011, Bl\)l(L - May 11, 2011

Wednesday, May 11, 2011



U L T
f1 hi

giL hiLL

H || G

fis | g1 | h1, hip

@ plenty of data available

@ but only for integrated
version of fi

® some efforts to get
unintegrated gluon densit

Gunar Schnell

Momentum density

HERA F,

oy
—
I

LR
»"
-

TN i ate-JoeBsal '—‘ '-: 3 0as

TS cgenetsg 88 S o e 4w 04

B

ALeS
————— e eewe e O o o 1

10 10} ' T 1" —— HERA-I PDF (prel.) QZ =10 G8V2
Qz((.'c\" ) - experimental uncertainty
08 model uncertainty

+  HERA Structure Functions Working Group
. Nud Phys. B 181-182 (2008) 57-61

X
5 DY 2011, BNL - May 11, 2011

Wednesday, May 11, 2011



U L T
J1 hi
L giL hiLL

fis | g1 | h1, hip

plenty of data available

but only for integrated
version of fi

® some efforts to get

©m
k, -log,,(x)

LW B

Momentum density

HERA F,

L (U

\\3\\-.
I

unintegrated gluon densit : W |
10 | —— HERA-I PDF (prel.) Q% =10 GeV?
@ spin asymmetries involve AN :;wa”
unintegrated f1 in Tk sl
denominator
Gunar Schnell 5 " D:/0 32011, Bl1\;l)(lj - May 11011”‘, 2011 |

Wednesday, May 11, 2011



U L T

HERA F,

L giL hiLL

a | Momentum density

DLW B S

PR L) O
sl & e Z0ULSNLOOCD I
J— J_ “( \-OIIL“:ZS,\
flT ng hl, th R /. 200008 11 PDE 2000 Bt

1y :
| S R
plenty of data available 3% /

but only for integrated . e
version of fi |t

® some efforts to get e .:_:ﬁ_:‘:{
unintegrated gluon densit | e

10® | —— HERA-I POF (prel.) Q? = 10 GeV?
Qz((.'c\") - experimental uncertainty

@ spin asymmetries involve I — iy

+  HERA Structure Functions Working Group
. Nudl Prys, B 181-182 (2008) 57-61

unintegrated f1 in
denominator

@ need multiplicities and
fragmentation functions not

only binned in z but also in Py, S B
Gunar Schnell 5 DY 2011, Bl\)l(L - May 11, 2011

Wednesday, May 11, 2011



U L T
U | fi hi
L giL hiLL
T flLT git hlath
J
)

® some efforts to get
unintegrated gluon density

@ spin asymmetries involve
unintegrated f1 in
denominator

@ need multiplicities and

plenty of data available

but only for integrated
version of fi

Multiplicity

fragmentation functions not

only binned in z but also in Pn.

Gunar Schnell

Momentum density

10.2<2<0.3 n* I HERMES PRELIMINARY U :

4- ° P T ]
. e @ T ¢ v ]

2 B T @ . ]
© - T ® ] _

0__. __________________________ ______ P _______.__________________________ ______ o -
03<z<04 ' ' ' ' ' ' ' ' } ' ' ' ' }
2F 0 -+ -

- @ @
C o o @ = ™
1 . T @ @ .
| @
® -

OF - e ® -
04<z<06 R
1 . —

- ® @
- ® ® e ~I~ E
0.5: o o @ =~ - .
0‘_ ________________________________ _|]_____._ _________________________________ @ --
0_4_06<z<08 T e proton
! A = 1 O deuteron
0.2 ® ® T - ¢ = =
» T
OF------- - l---____ --------------------------------- @--
T — - 1 05 1
p_[GeV]
also available for kaons
6 DY 2011, BNL - May 11th, 2011

Wednesday, May 11, 2011



U L T

| Momentum density

L girL hiLL

fis | g1 | h1, hip

. 2 [02<z<03 g +1 comee boel min oy K
J plenTy of data available G sl Y K*1 HERMES PRELIMINARY K
S [ ° i . '
= (. i o - L)

® but only for integrated 2 e >

version of fi —p03<z<04 [ ;

0-2; @ e B _f_ _ _ _f

® some efforts to get ot P . 0 SO

unintegrated gluon density wifgaz<os ]

! : . 0.2} e ® e, T .

@ spin asymmetries involve - . ! |

I GGGLTTCILTERTEEEPREEES -8R .-

unintegrated f1 in S A

) 0106<z<08 1 e proton |

denOmlnGTOI" ' R o 28 . 1 O deuteron

0.055—! o 0 E - ) :

C e e O™ oo o ta® 23 R R— -

@ need multiplicities and e

fragmentation functions not p, [GeV]
only binned in z but also in P,

Gunar Schnell 6 DY 2011, BNL - May 11, 2011

Wednesday, May 11, 2011



AR Helicity density
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The quest for transversity
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chiral-odd transversity involves quark helicity flip
| |

q q_ =
- @ -@ -

need to couple to chiral-odd fragmentation function:

@ transverse spin transfer (polarized final-state hadron)
@ 2-hadron fragmentation
@ Collins fragmentation
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T (initial quak spin) : component of target spin perpendicular to y*
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compatible with zero

low sensitivity to u & d
quark polarization?

measured at lower x
where transversity is
expected not to be large

2010 data will reduce
statistical uncertainty by
factor 2

need to look at other
hyperons?
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Quark polarizations in hyperons

Ay Ad As
p | 3(AX + D + 3F) 0.79 £ 0.04 $(AX - 2D) —0.45+0.04 | 3(AX + D —3F) | —0.16 £ 0.05
n s (A% — 2D) —0.45+0.04 | (AX + D + 3F) 0.79+0.04 | (A + D —3F) | —0.16 £0.05
>t | (AT + D + 3F) 0.79+0.04 | 3(AX + D —3F) | —0.16 £+ 0.05 $(AX - 2D) —0.45 4+ 0.04
»0 +(AZ + D) 0.32 4+ 0.04 +(AX + D) 0.32 4+ 0.04 (A% - 2D) —0.45 4+ 0.04
¥~ | 3(AX+ D -3F) | —0.16 £0.05 | :(AX+ D + 3F) 0.79 4+ 0.04 $(AX - 2D) —0.45 4 0.04
A +(AZ - D) +(AX - D) —0.20 4 0.04 $(AZ + 2D) 0.58 4 0.04
=0 T (AX - 2D) —0.451+0.04 | :(AX+D —3F) | —0.16£0.05 | 1(AXZ + D + 3F) 0.79 £ 0.04
E- | 3(AX+ D —-3F) | —0.16 £0.05 $(AX - 2D) —0.45+0.04 | 3(AX + D + 3F) 0.79 £ 0.04
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Quark polarizations in hyperons

Ay Ad As
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@ better sensitivity to u and d quarks via charged Sigma's

@ good probe of u-quark polarization

@ large analyzing power of the parity-violating decay ¥+ — pr”

@ need good acceptance and neutral pion reconstruction
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““#_ 2-Hadron Fragmentation

Ayt ~ Sin(¢RJ_ E ¢S) Sin thf‘lf
Expansion of H;® in Legendre moments:

H(z,cos0, M2 ) = H{%P(2, M2 ) + cos 0 H VPP (2, M2 )

~—~ /

describe interference between 2 pion pairs
about Hf’Sp: coming from different production channels.

Jaffe et al. [hep-ph/9709322]:

; | H%P(2, M2.) = sindg sin 61 sin(dp — 61) H P ()
//‘//ul\K / oo (01) — S(P)-wave phase shifts
| v P(M2)HE (2)

S
fo

=2
N

§ind,sind,sin(d,-9,)

S
o

o

LA = Ayr might depend strongly on M
m(GeV)
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Transversity distribution
(2-hadron fragmentation)

[A. Airapetian et al., JHEP 06 (2008) 017]
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[ first evidence for T-odd 2-hadron fragmentation
function in semi-inclusive DIS!

[A. Airapetian et al., JHEP 06 (2008) 017]
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[ first evidence for T-odd 2-hadron fragmentation
function in semi-inclusive DIS!

[ invariant-mass dependence rules out Jaffe model
predicting a signh change to rho mass

[A. Airapetian et al., JHEP 06 (2008) 017]
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7 Loe el (2-hadron fragmentation)
i [A. Airapetian et al., JHEP 06 (2006,3() 017]
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e L (2-hadron fragmentation)
[A. Airapetian et al., JHEP 06 (2008) 017]
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[A. Airapetian et al., JHEP 06 (2008) 017]
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[A. Airapetian et al., JHEP 06 (2008) 017]
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Ex.: Appearance of TMDs in SIDIS

Leading-Twist
Distribution Functions Fragmentation Functions
) v, - @
BB o ® - O o @- @ @ - ©

43 Wb - @
b - o ied - @

“-® - © H-@ - @

b =@)— - @ th=é - @ H =@~ - @~ Hé - é

Chiral-odd transversity .; must couple to chiral-odd FF
can use kp-unintegrated chiral-odd FF = T-odd Collins FF
= leads to Single-Spin Asymmetrie (SSA)
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Ex.: Appearance of TMDs in SIDIS
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Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
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“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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@ significant in size and

opposite in sign for charged :°
pions ;E:,

@ disfavored Collins FF large ~
and opposite in sign to
favored one

@ |eads to various cancellations
in SSA observables
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AR Transversity distribution
7 Lo M (Collins fragmentation)

[A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]
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T Fit of Collins amplitudes
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T Fit of Collins amplitudes
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T Fit of Collins amplitudes
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T Fit of Collins amplitudes
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Transversity's friends
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@ chiral-odd = needs Collins FF (or similar)

@ leads to sin(3 ¢ - ® s) modulation in Ayt

@ proton and deuteron data consistent with
zero

@ cancelations? pretzelosity=zero?
or just the additional suppression by two
powers of Ph.
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@ could also use longitudinally

polarized targets:
sin(3¢ — ¢g) ~» —sin(3¢)
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naively T-odd distributions
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@ naive T-odd
@ requires FSI via non-

perturbative gluon (gauge
link) exchange(s)

@ |eads to opposite sigh in DIS
and DY (firm QCD
predictionl)

@ relation to GPD E + FSI
yields opposite signs of
Sivers fct. for up and down
quarks

Gunar Schnell 34

Sivers function

current
quark jet

final state
interaction

spectator
system

11-2001
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[S. Brodsky et al., Phys. Lett. B530, 99 (2002)]
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quarknjet
@ requires FSI via non-
perturbative gluon (gauge final state
link) exchange(s) —
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g . . proton 11-2001
‘ Ieads TO OPPOSITZ S|9n ln DIS [S. Brodsky et al., Phys. Lett. B530, 99 (2002)]

and DY (firm QCD

predictionl)

@ relation to GPD E + FSI
yields opposite signs of

Sivers fct. for up and down

quarks
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Sivers amplitudes for pions
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Sivers amplitudes
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N K T = \us}&ﬁ \uaf} = non-trivial role of sea quarks?

[} convolution integrals depend on kr dependence of fragmentation functions
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Sivers amplitudes
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large K* asymmetries
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Boer-Mulders
the other naively T-odd distribution
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Modulations in spin-independent
SIDIS cross section

8%
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Interaction dependent
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(Implicit sum over quark flavours)
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Any help in disentangling contributions?
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Any help in disentangling contributions?
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@ jet-SIDIS: only g* term survives
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Any help in disentangling contributions?

oM [ h-k G\ h-
0 C[ MhT (xeﬂlL | f1—> Wkl <4

@ jet-SIDIS: only g* term survives

@ 2-hadron fragmentation:

0,, Xsinopr| |ve(r)Hi (2, ¢, Mg) + éfl(x)éq(z, C, M;%)
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Summary

@ TMDs provide rich field for studying nucleon structure
@ transversity is non-zero and quite sizable

@ can be measured, e.g., via Collins effect or s-p
interference in 2-hadron fragmentation

@ Sivers and Boer-Mulders effects are also non-zero
@ direct probe of "physics of the QCD gauge links"

@ so far no sign of a non-zero Mulders-Tangerman (aka
Pretzelosity) distribution

@ but first evidence for non-vanishing worm-gear functions

@ great opportunities for measurements in Drell-Yan
especially for naive-T-odd TMDs
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